Approximately half of the Universe's baryons are in a form that has been hard to detect directly. However, the missing component can be traced through the cross-correlation of the thermal SunyaevZeldovich (tSZ) effect with weak gravitational lensing. We build a model for this correlation and use it to constrain the extended baryon component, employing data from the Canada France Hawaii Lensing Survey and the Planck satellite. The measured correlation function is consistent with an isothermal β-model for the halo gas pressure profile, and the 1-and 2-halo terms are both detected at the 4σ level. The effective virial temperature of the gas is found to be in the range (7 × 10 5 -3 × 10 8 ) K, with approximately 50% of the baryons appearing to lie beyond the virial radius of the halos, consistent with current expectations for the warm-hot intergalactic medium.
Introduction.-The general processes driving structure formation, from the sizes of galaxies to the largest scales observable, are reasonably well understood, though many details are still unclear. Knowledge of the distribution of baryonic and dark matter in galaxies, groups, and clusters of galaxies is essential for understanding how they form and evolve, including complex processes such as down-sizing and star-formation quenching [1, 2] . However, stellar mass accounts for only ∼ 10% of all the baryons in the Universe; the other 90% resides in a diffuse component, a large fraction of which is thought to reside in low mass halos [3] . A complete picture of structure formation requires a full census of baryons in the Universe. Feedback processes play a fundamental role in recycling baryons back to a diffuse form. Thus, accounting for the extended baryon distribution is necessary to understand the physical processes governing structure formation, including star formation and feedback.
Historically, the diffuse component is observed via its X-ray emission or through the thermal SunyaevZeldovich effect (tSZ, i.e., inverse Compton scattering [4] ), but the sensitivity of current instrument limits such observations to the most massive, densest, and hottest gas environments. To date, only about half of the known baryon component has been directly observed at redshifts less than z ≃ 2 [3, 5] ; the remaining baryons are thought to be too cold to be detected with X-rays or the SZ effect, and too warm to be detected in the UV. Numerical simulations suggest that the "missing" baryons might be in a warm, low-density plasma (∼ 10 5 -10 7 K) correlated with large structures and filaments [6] .
One possible way of observing these baryons is by cross-correlating with another cosmic field. Gravitational lensing by large-scale structure provides an unbiased tracer of the matter distribution that can be used for this purpose. Van Waerbeke, Hinshaw & Murray [9] found a significant correlation between the Canada France Hawaii Lensing Survey (CFHTLenS) mass map [7] and tSZ maps obtained from Planck satellite data [8] . This signal was consistent with warm baryonic gas tracing large-scale structure, with an amplituden e T e b gas ≃ 0.201 keV m −3 at redshift z = 0. This suggests that if the bias b gas ≃ 6 andn e = 0.25 m −3 (the cosmic baryon abundance), then it is in line with the missing baryons being at T e ≃ 10
6 K. The model adopted for the warm gas in Ref. [9] was simplistic and did not capture some of the essential physical properties. It assumed: (i) that the temperature and density of the gas are independent of the underlying halo mass and redshift; and (ii) that the bias of gas pressure relative to dark matter follows b gas ∝ a, where a is the cosmic scale factor, independent of halo mass and redshift. Moreover the formalism cannot account for gas lying outside single halos, thus it is incapable of tracking the "missing baryons" that are thought to reside outside the cluster virial radius. Here we attempt to provide a realistic description of the baryon distribution within the framework of the "halo model." By interpreting the cross-correlation between tSZ and lensing we investigate the consequences for the warm baryonic component.
Lensing-tSZ cross-correlation data.-The tSZ effect is produced by inverse-Compton scattering of cosmic microwave background (CMB) photons off relativistic electrons in the hot intra-cluster gas. At frequency ν, this induces a temperature anisotropy along the line-of-sight characterized by the Compton y−parameter,
where S SZ (x) = x coth(x/2) − 4 gives the tSZ spectral dependence [10] . Here, x = hν/k B T 0 , n e is the electron density, σ T is the Thompson cross-section, T e is the electron temperature, and T 0 is the present-day CMB temperature.
For this analysis, we use the cross-correlation data described in Ref. [9] . The gravitational lensing mass map, κ, is based on CFHTLenS data and covers 154 deg 2 in four separate patches. The tSZ y maps are obtained from a linear combination of the four Planck channel maps at 100, 143, 217, and 353 GHz. Several different y maps were produced in order to test for contamination of the SZ signal by thermal dust and CO line emission. These maps, labeled B-H in Ref. [9] , were constructed using different channel combinations, which would be expected to have very different levels of signal contamination. As already noted, the expected SZ contamination levels range over more than a factor of 6 across this set, while the measured cross-correlation signal varies by less than 10%. In this paper, we have adopted SZ map D as our best estimate of the foreground-free y map. However, we also check our results for 6 other maps, finding that our modeling results are insensitive to the choice of data set.
κ-y correlation function in the halo model.-The lensing-tSZ cross-correlation power spectrum has two terms, C , where "1h" and "2h" refer to the 1-and 2-halo terms, respectively. The 1-halo term, the Poissonian contribution, is given by
where dV /(dzdΩ) = cχ 2 /H(z) is the comoving volume per unit redshift and solid angle, with χ(z) the comoving distance to redshift z (in the best-fit Planck cosmology [11] ). The quantity dn/dM is the halo mass function, taken here to be the Sheth-Tormen form [12] . The multipole functions y ℓ and κ ℓ are related to the halo gas and mass profiles, respectively, as now described.
is the Fourier transform of the convergence profile of a single halo of mass M and redshift z:
Hereρ m is the comoving matter density, ρ(r; M, z) is the dark matter halo profile, taken here to be the NavarroFrenk-White (NFW) form [13] , and W κ is the lensing kernel, which is given in Eq. (1) and plotted in figure 1 of Ref. [9] . For the CFHTLenS data, the kernel peaks at z ≃ 0.37, thus in Eq. (2) it is reasonable to take z max = 3.0, and to integrate over the mass range 10 (2) is the 2-d Fourier transform of the projected gas pressure profile of a single halo of mass M and redshift z [14, 15] :
Here x = a(z)r/r s , ℓ s = aχ/r s , r s is the scale radius of the 3-d pressure profile, and P e is the electron pressure. [9] ; blue dashed, the universal pressure (UP) profile [19] ; green, the Komatsu-Seljak (KS) profile [18] ; and purple, the isothermal β-model profile [22] . The data points in panel (b) show the correlation function specifically for tSZ data set "D".
The 2-halo term (to add to Eq. (2)) is given by
where P lin m (k, z) is the 3-d linear matter power spectrum at redshift z, which we obtained from the code camb [16] , with the best-fit parameters from Planck [11] . Here b(M, z) is the gravitational clustering bias function (from Ref. [17] ). In order to compare the halo model to the cross-correlation data, ξ κy (θ), we Legendre transform C κy ℓ into real space. Constraining the baryon component.-We consider three different gas models in this study: the KomatsuSeljak (KS) profile [18] ; the universal pressure (UP) profile [19] ; and the isothermal β-model [20] [21] [22] . Fig. 1a shows the pressure profiles for each model in a halo of mass M vir = 10
15 M ⊙ at z = 0. Note that the amplitudes of the KS and UP profiles are much higher than the β-model, the latter being fairly consistent with the simple bias approach from Ref. [9] . Fig. 1b (Fig. 4a) shows the predicted correlation functions (angular power spectrum), ξ κy (θ) (C κy ℓ ), for each of the pressure profiles described above. Also shown is the measured correlation function using data set "D" from Ref. [9] . It is clear that the KS and UP models predict too much power at small scales, while the isothermal β-model lies reasonably close to the data at all scales. Note that once the cosmological parameters have been chosen, a given gas model amplitude and profile has no further freedom to be adjusted.
To study the β-model further, we separately examine the 1-halo and 2-halo contributions, as shown in Fig. 2 . As expected, the 1-halo term dominates at small scales while the 2-halo term dominates at large scales, with a crossover point at 13 arcmin. For an average lens redshift of 0.37, this corresponds to a physical length of 4 Mpc. We quantify the relative contributions of the two terms by fitting each with scaling coefficients α and β: Fig. 3 shows the constraints on (α, β) for the PlanckCFHTLenS cross-correlation with data set D (although the other y-maps give similar results). Even though the nominal model, (α, β) = (1, 1), is within the 95.4% contour, the data prefer a fit with somewhat higher 2-halo amplitude compared with 1-halo, which we interpret as an indication that the κ-y cross-correlation favours gas that is further out in halos. Models with no correlation, (α, β) = (0, 0), or with only 1-halo or 2-halo contributions, (α, β) = (1, 0) or (0, 1), respectively, are strongly rejected. We quantify this for data sets B-H in Table I , by evaluating ∆χ 2 = χ 2 (α, β) − χ 2 min , where χ 2 min corresponds to the best-fit (α, β). We measure the contributions from 1− and 2−halo terms by calculating the fractional area under the correlation function, i.e., ξ κy,1h/2h (θ)dθ/ ξ κy (θ)dθ, finding that they each contribute about 50% of the signal.
We estimate the temperature of the gas by applying the virial theorem (e.g., Refs. [22, 23] ) with z = 0.37, for the mass range 10 12 M ⊙ -10 16 M ⊙ , which gives T e ≃ 7 × 10 5 K to 3 × 10 8 K. For the lower mass halos, the predicted temperature agrees with expectations for the warm phase of the intergalactic medium residing in filaments and sheets of clustered matter. Thus it is plausible that our measurement has detected warm gas associated with lower mass halos that could constitute the missing baryons.
In order to test this hypothesis, we re-evaluated the β-model by truncating the gas distribution at one virial radius in Eq. (4): x max = a(z) r vir /r s , as shown in Fig. 2 . The signal within r vir is very similar to the 1-halo contribution, consistent with our expectation that the 2-halo TABLE I: For each y-map B-H, the probability that the fit in Eq. (6) allows: α = 0, β = 1 (no 1-halo term, column 2); α = 1, β = 0 (no 2-halo term, column 3); and α = β = 0 (no cross-correlation, column 4). We assume P = exp(−∆χ 2 /2). M ⊙ , and two radial bins, r ≤ r vir and r ≥ r vir . The fractional contributions to the integrated signal are given in Table II . This shows that more than half of the integrated signal originates from baryons outside the virial radius of dark matter halos, and that the contribution from low-mass halos is also significant. One can additionally calculate the fraction of baryons found inside the virial radius f = rvir 0 n e (r)r 2 dr/ ∞ 0 n e (r)r 2 dr. According to the best fit β-model we find f = 35%, meaning that 65% of the baryons are, on average, located beyond the virial radius.
Our analysis of the cross-correlation signal can also be used to predict the tSZ power spectrum C yy ℓ , which can then be compared to the measurement made by the Planck team [14] . Replacing κ ℓ by y ℓ in Eqs. (2) and (5), and using the β-model for the pressure profile, we show our predicted C yy ℓ in Fig. 4b . The agreement with the power spectrum derived directly from the Planck maps is quite good, while the predictions based on the KS and UP profiles are clearly too high. Note that our prediction is only correct if the correlation coefficient r between the 3-dimensional pressure and matter distributions is 1. Hydrodynamical simulations in [24] find r ∼ 0.5, but this conclusion is still uncertain so our prediction should only be regarded as a lower limit.
Discussion and Conclusions.-Our halo model for the lensing-tSZ cross-correlation signal ξ κy has enabled us to investigate the baryon distribution at cluster scales and to explore the possible identification of the missing baryons in the warm-hot intergalactic medium (WHIM). The observed cross-correlation function from the CFHTLenS mass map and the Planck tSZ map is particularly effective at tracing baryons in the outer regions of halos.
In the context of the isothermal β profile, the 1-and 2-halo terms are detected at ∼ 4σ each, while the total signal is detected at ∼ 6σ. We find evidence that baryons are distributed beyond the virial radius, with a temperature in the range of (10 5 -10 7 ) K, consistent with the hypothesis that this signal arises from the missing baryons. We further separate the model signal into different radial profile and mass bins, and find that about half of the integrated signal arises from gas outside the virial radius of the dark matter halos, and that 40% arises from low-mass halos.
Our study is an example of a general class of largescale cross-correlations that are now becoming feasible, thanks to the availability of deep multi-waveband surveys over large fractions of the sky. Correlation of tSZ maps with galaxies [25] , with CMB lensing [26] and with X-rays [27] , plus the use of correlations with the kinetic SZ effect [28, 29] , allow for a multi-faceted study of the role of baryon physics in structure formation. Further improvements in the quality of the data will require more sophisticated models than we have presented here, perhaps involving direct comparison of diagnostics of the WHIM with hydrodynamical simulations. Our results show that most of the baryons are no longer missing, and indicate that a full accounting of the cosmic baryon distribution may soon be within reach. 
